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SYSTEM AND METHOD FOR CORRECTING
IMAGE THROUGH ESTIMATION OF
DISTORTION PARAMETER

ACKNOWLEDGEMENT

This work was supported by an Institute of Information &
Communications Technology Planning & Evaluation (IITP)
grant funded by the Korean government (MSIT) (No. 2014-
0-00077, Development of global multi-target tracking and
event prediction techniques based on real-time large-scale
video analysis). This work was also supported by an Institute
for Information & Communications Technology Promotion
(IITP) grant funded by the Korean government (MSIT)
(2017-0-00250, Intelligent Defense Boundary Surveillance
Technology Using Collaborative Reinforced Learning of
Embedded Edge Camera and Image Analysis).

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Korean Patent Application No. 10-2018-0132180, filed on
Oct. 31, 2018, the disclosure of which is incorporated herein
by reference in its entirety.

BACKGROUND

The present invention relates to image correction, and
more particularly, to a system and method for correcting an
image through estimation of a distortion parameter in which
features are extracted from a distorted image and then the
image is optimally corrected by repeatedly estimating a
distortion parameter on the basis of optical characteristics.

The wide-angle lens, such as a fisheye lens, has a wider
field of view (FOV) than a standard lens, and it is possible
to obtain information of a wide area. However, a lens
designed with a wide FOV excessively refracts light, and
thus lens distortion may occur.

Lens distortion occurs in radial directions and is propor-
tional to the distance from the center of an image. Due to
lens distortion, distortion of image information occurs such
as deformation of an object and bending of a straight line
into a curved line. For this reason, performance of a system
which identifies a specific object, analyzes circumstances,
and determines a situation using image information may be
degraded.

There are several methods for correcting such distortion.
Representative distortion correction methods are based on a
geometric projection model, a pattern, and estimation of a
distortion parameter.

According to the method based on a geometric projection
model, distortion is corrected by defining a lens distortion
model according to geometric projection of a lens. In this
case, a model of lens design and a focal length at the time
of capturing the image are necessary to apply the method
based on a geometric projection model for distortion cor-
rection. However, since it is not possible to accurately know
an actual focal distance, accurate distortion correction is not
possible.

According to the pattern-based method, distortion is cor-
rected with a distortion rate which is estimated by using
information on a distorted pattern and an ideal pattern. The
pattern-based method involves photographing a pattern
through each lens, and correction performance is affected by
an environment in which the pattern is photographed and by
accuracy in extracting pattern information.
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According to the method based on estimation of a distor-
tion parameter, distortion is corrected by estimating a dis-
tortion parameter on the basis of data learned from infor-
mation extracted from a distorted image and information
extracted from an undistorted image or by estimating a
distortion parameter on the basis of a characteristic that
distortion occurs in proportion to the distance from the
origin. When a distortion parameter is estimated on the basis
of learned data, performance varies according to the number
of images used for prior learning. When a distortion param-
eter is estimated by using the characteristic that distortion
occurs in proportion to the distance from the origin, it is
necessary to separately set a threshold value according to an
image size, and thus automatic distortion correction is not
possible.

Consequently, it is necessary to develop a technology for
optimally correcting distortion without optical experts’
knowledge, such as lens design information, prior informa-
tion which is used for distortion correction, such as a
distortion pattern, and preprocessing technology for extract-
ing pattern information.

PATENT DOCUMENTS

Korean Patent Registration No. 10-1172629
Korean Patent Registration No. 10-1014572
Japanese Patent Publication No. 2005-328570

SUMMARY

The present invention is directed to selecting an optimal
distortion-corrected image through straight-line information
of corrected images.

The present invention is directed to objectively correcting
distortion on the basis of feature information extracted from
a distorted image and optical characteristics without using
lens information, pattern information, or learned data.

The present invention is directed to optimally correcting
distortion through iterative estimation of a distortion param-
eter and an iterative distortion correction model.

The present invention is directed to maintaining constant
performance by correcting distortion through a distortion
parameter estimated on the basis of unique feature informa-
tion of a measurement target.

The present invention is directed to providing a distortion
correction system and method which may be applied to a
system to which it is not possible to apply existing distortion
correction methods.

The present invention is directed to applying a wide
image system to extended application fields, such as a
wide-area surveillance system and a high-end driver sup-
porting system including a 360-degree augmented reality
(AR) or virtual reality (VR) camera.

Objects of the present invention are not limited to those
mentioned above, and other objects which have not been
mentioned may be clearly understood by those of ordinary
skill in the art from the following descriptions.

According to an aspect of the present invention, there is
provided a system for correcting an image through estima-
tion of a distortion parameter, the system including a dis-
torted image receiver configured to receive a distorted image
including one or more measurement targets, a feature point
extractor configured to extract a plurality of feature points
from each of the measurement targets, a feature point
classifier configured to compare distances between the plu-
rality of extracted feature points and the center point of the
received distorted image and classify the one or more



US 11,164,292 B2

3

measurement targets as a distorted target and an undistorted
target, a distortion parameter estimator configured to esti-
mate a distortion parameter on the basis of standard devia-
tions of a plurality of feature points of the classified distorted
target and undistorted target, and an image corrector con-
figured to correct the received distorted image on the basis
of the estimated distortion parameter.

The one or more measurement targets may be people, and
the plurality of feature points may include a center point of
an eye corresponding to an iris of a corresponding person’s
left eye, a center point of an eye corresponding to an iris of
the corresponding person’s right eye, an end point of the
corresponding person’s nose, a left end point of the corre-
sponding person’s mouth, and a right end point of the
corresponding person’s mouth.

The feature point classifier may classify the one or more
measurement targets as a distorted target and an undistorted
target according to undistorted-target standard formulae
given by Equations 8 and 9 below:

L; = L+, where {* = [Equation 8]

i

argmin {|g; - Cl,
il Np)

where L; is an undistorted target, [,* represents a mea-
surement target at the shortest distance from the center point
of a distorted image, N represents the number of measure-
ment targets, |1, represents the average point of a plurality of
feature points extracted from a measurement target, and
C=(x_, y,.) is the center point of the received distorted image.

L= {pLEiprEixpNixpLMiprMi} , and

WYS(PLE D REAPN D 1ad *Pr0d s [Equation 9]

where L, represent feature points of a measurement target,
L, represents the average point of a plurality of feature
points, p; - represents the center point of a left eye corre-
sponding to an iris of the left eye, p,,. represents the center
point of a right eye corresponding to an iris of the right eye,
P represents the end point of a nose, p; ,,/ represents the left
end point of a mouth, pg,,’ and represents the right end point
of the mouth.

The distortion parameter estimator may calculate the
distortion parameter to be estimated according to a distortion
parameter formula given by Equation 10 below:

£ = . 1 12 ”U'Ej) —O'Ei)”, [Equation 10]
F= *

iF

where k¥ represents a j” estimated distortion parameter,
N, is the number of measurement targets, o, represents the
standard deviation of feature points of a distorted target, and
o,*0 represents the standard deviation of feature points of
an undistorted target.

The system may further include an iterative corrector
configured to output one or more repeatedly-corrected
images by repeatedly estimating the distortion parameter
and repeatedly correcting the corrected image until the
corrected image satisfies a preset condition, and a final
corrected-image selector configured to detect straight-line
information including the number and length of straight
lines in the one or more output images and select a final
corrected image on the basis of the straight-line information.
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The iterative corrector may repeatedly correct the cor-
rected image according to iterative correction formulae
given by Equations 11 and 12 below:

AG+D) 1

7 [Equation 11]
T k002

P ko j=0,1,2, .. Ny,

where fu(’*I) represents a j+1? corrected image, k¥’ rep-
resents a j” estimated distortion parameter, 1 represents the
distance between an arbitrary coordinate point of a j*
corrected image and the center point of a received image,
.9 represents the j” corrected image, and N, is the number
of iterations.

N D=+ =32,

where r represents the distance between an arbitrary
coordinate point of a j* corrected image and the center point
of a received image, x,%’ and y° represent horizontal and
vertical coordinates of the j* corrected image, and x_ and y..
represent coordinates of the center point of a distorted
image.

The iterative corrector and the final corrected-image
selector may operate according to a cost function given by
Equation 14 below:

[Equation 12]

[Equation 14]

a A

S .
fu:fuj , where j* =min(u +U'(Lj)]a
i\D;

where T * is a final distortion-corrected image, T,
represents a j* final distortion-corrected image, D, repre-
sents the total length of all straight lines in a j* repeatedly-
corrected image, S, represent the set of straight lines
extracted from the j* repeatedly-corrected image, o,? rep-
resents the standard deviation of feature points of the j”
repeatedly-corrected image, and |*| the number of elements
of the set.

According to another aspect of the present invention,
there is provided a method of correcting an image through
estimation of a distortion parameter, the method including:
a distorted image receiving operation of receiving, by a
distorted image receiver, a distorted image including one or
more measurement targets; a feature point extraction opera-
tion of extracting, by a feature point extractor, a plurality of
feature points from each of the measurement targets; a
feature point classification operation of comparing, by a
feature point classifier, distances between a plurality of
extracted feature points and the center point of the received
distorted image and classifying the one or more measure-
ment targets as a distorted target and an undistorted target;
a distortion parameter estimation operation of estimating, by
a distortion parameter estimator, a distortion parameter on
the basis of standard deviations of a plurality of feature
points of the classified distorted target and undistorted
target; and an image correction operation of correcting, by
an image corrector, the received distorted image including
the distorted target on the basis of the estimated distortion
parameter.

The one or more measurement targets may be people, and
the plurality of feature points may include a center point of
an eye corresponding to an iris of a corresponding person’s
left eye, a center point of an eye corresponding to an iris of
the corresponding person’s right eye, an end point of the
corresponding person’s nose, a left end point of the corre-
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sponding person’s mouth, and a right end point of the
corresponding person’s mouth.

The feature point classification operation may include
classifying the one or more measurement targets as a dis-
torted target and an undistorted target according to undis-
torted-target standard formulae given by Equations 8 and 9
below:

Ly = Ly, where i* = minN ,ll/,c; -,

[Equation 8]
iell,....Np

where L; is an undistorted target, [,* represents a mea-
surement target at the shortest distance from the center point
of a distorted image, N represents the number of measure-
ment targets, |, the average point of a plurality of feature
points extracted from a measurement target, and C=(x_, y,.)
is the center point of the received distorted image.

L~{p1 pre’ P P1ad Prad}, and
W=Y5(PLE D RE NP 10 PRt > [Equation 9]
where L, represent feature points of a measurement target,
L, represents the average point of a plurality of feature
points, p; - represents the center point of a left eye corre-
sponding to an iris of the left eye, px,’ represents the center
point of a right eye corresponding to an iris of the right eye,
P represents the end point of a nose, p; ,,/ represents the left
end point of a mouth, and p,, represents the right end point
of the mouth.

The distortion parameter estimation operation may
include calculating the distortion parameter to be estimated
according to a distortion parameter formula given by Equa-
tion 10 below:

. 1 ; [Equation 10]
KD = mz [ - 2|l

i

where kY represents a i estimated distortion parameter,
N is the number of measurement targets, o,%’ represents the
standard deviation of feature points of a distorted target, and
0,#0 represents the standard deviation of feature points of
an undistorted target.

The method may further include an iterative correction
operation of repeatedly estimating, by an iterative corrector,
the distortion parameter and repeatedly correcting the cor-
rected image until the corrected image satisfies a preset
condition and outputting one or more repeatedly-corrected
images, and a final corrected-image selection operation of
detecting, by a final corrected-image selector, straight-line
information including the number and length of straight
lines in the one or more output images and selecting a final
corrected image on the basis of the straight-line information.

The iterative correction operation may include repeatedly
correcting the corrected image according to iterative correc-
tion formulae given by Equations 11 and 12 below:

AGHD) 1

7 [Equation 11]
T kDR

P ko j=0,1,2, Ny,

where T, 9V represents a j+1” corrected image, k¥’ rep-
resents a j” estimated distortion parameter, 1’ represents the
distance between an arbitrary coordinate point of a j*
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corrected image and the center point of a received image,
f,9 represents the j* corrected image, and N, is the number
of iterations.

N6 P53,

where r represents the distance between an arbitrary
coordinate point of a j** corrected image and the center point
of a received image, x,% and y ° represent horizontal and
vertical coordinates of the j* corrected image, and x_ and y..
represent coordinates of the center point of a distorted
image.

The iterative correction operation and the final corrected-
image selection operation may be performed according to a
cost function given by Equation 14 below:

[Equation 12]

[Equation 14]

a A

S .
fu=fuj , where j* =min(u +U_2J)]’
i\ D;

where T, is a final distortion-corrected image, T,
represents a j* final distortion-corrected image, D, repre-
sents the total length of all straight lines in a j* repeatedly-
corrected image, S, represent the set of straight lines
extracted from the j* repeatedly-corrected image, o,? rep-
resents the standard deviation of feature points of the j”
repeatedly-corrected image, and |*| the number of elements

of the set.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of
the present invention will become more apparent to those of
ordinary skill in the art by describing exemplary embodi-
ments thereof in detail with reference to the accompanying
drawings, in which:

FIG. 1 is a diagram of a pinhole camera model in which
it is possible to estimate a pinhole point C to be positioned
at (0, 0, 0) in a three-dimensional (3D) coordinate system;

FIG. 2 is a diagram of a fisheye lens projection model;

FIG. 3 is a diagram of an orthographic projection model
of a fisheye lens image;

FIG. 4 is a set of block diagrams showing image-based
restoration algorithms proposed to correct fisheye lens dis-
tortion according to an exemplary embodiment of the pres-
ent invention;

FIG. 5 is a block diagram of a system for correcting an
image through estimation of a distortion parameter accord-
ing to an exemplary embodiment of the present invention;

FIG. 6 is a set of diagrams showing a method of estimat-
ing a distortion parameter using a calibration pattern-based
method according to an exemplary embodiment of the
present invention;

FIG. 7 is a block diagram showing correction in a
distorted image acquisition process according to an exem-
plary embodiment of the present invention and a general
image restoration framework;

FIG. 8 is a flowchart illustrating a method of correcting an
image through estimation of a distortion parameter accord-
ing to an exemplary embodiment of the present invention;

FIG. 9 shows a geometrically distorted image and images
corrected by using two different correction methods accord-
ing to an exemplary embodiment of the present invention;

FIG. 10 shows a calibration pattern image and a distorted
pattern image acquired at different distances with a 360-
degree field-of-view (FOV) camera according to an exem-
plary embodiment of the present invention;
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FIG. 11 is a set of diagrams showing distances in an ideal
pattern image and distances in a corrected pattern image
with slight distortion according to an exemplary embodi-
ment of the present invention;

FIG. 12 is a set of images showing distortion correction
results obtained by using an existing correction method
(division model) and a proposed correction method of the
present invention;

FIG. 13 shows the number of straight lines of simulated
wide-angle lens images and corrected resultant images
according to an exemplary embodiment of the present
invention;

FIG. 14 shows a final distortion-corrected image *, and
a number of straight lines IS | based on Equation 14 accord-
ing to an exemplary embodiment of the present invention;

FIG. 15 is a set of views showing straight-line detection
results and distortion correction results based on the Flores
method and a correction method of the present invention;

FIG. 16 is a set of views showing comparative experiment
results according to an exemplary embodiment of the pres-
ent invention; and

FIG. 17 shows a pair of an undistorted image and a
distorted image as straight-line analysis images according to
an exemplary embodiment of the present invention.

DETAILED DESCRIPTION

In order to fully understand the present invention, opera-
tional advantages of the present invention, and objects
achieved by implementing the present invention, the present
invention will be described with reference to the accompa-
nying drawings which illustrate preferred embodiments of
the present invention and the content illustrated in the
accompanying drawings. Features and advantages of the
present invention will be more apparent from the following
detailed description based on the accompanying drawings.
Prior to this, terms and words used in this specification and
claims are to be interpreted in relation to the technical idea
of the present invention based on the principle that the
inventor can properly define the concept of the term to
describe his or her own invention in the best way, and the
present invention should be interpreted in terms of meaning
and concept. Detailed descriptions about related well-known
functions and configurations that may obscure the subject
matter of the present invention will be omitted.

FIG. 1 is a diagram of a pinhole camera model in which
it is possible to estimate a pinhole point C to be positioned
at (0, 0, 0) in a three-dimensional (3D) coordinate system,
and FIG. 2 is a diagram of a fisheye lens projection model.

As shown in FIGS. 1 and 2, a pinhole camera model is
defined as the relationship between a 3D space and a
two-dimensional (2D) image plane projected through a
pinhole. P=(X, Y, Z) in the 3D space is projected to p=(X, y)
in the 2D image plane.

Two triangles PQC and pqC are similar to each other and
thus have the relationship referred to as perspective projec-
tion as shown in Equation 1.

X Y [Equation 1]
=f—,and y=f—=
x=1 z’ v=1 z

where P=(X, Y, Z) is an arbitrary point in a 3D space, and
p=(x, y) is an arbitrary point in a 2D image plane.

Perspective projection is the theoretical basis for most
camera systems having a thin lens. On the other hand, in a
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wide-angle or fisheye lens camera, projection from an object
point to a projected point is a nonlinear function of an
incidence angle of the object as shown in FIG. 2 and thus
differs from perspective projection.

Light refracted by a fisheye lens results in barrel distor-
tion, that is, curves, in an acquired image, and the shape of
an object is distorted in radial directions. A projection region
may be used to understand a fisheye lens projection model.

FIG. 3 is a diagram of an orthographic projection model
of a fisheye lens image.

Referring to FIG. 3, a ray starting from a point P in an
object plane comes to a center C at an incidence angle 6.
When the center C is a pinhole rather than a fisheye lens, the
image of the center C is formed at a point p at a radial
distance r,,.

On the other hand, when the ray is refracted by a fisheye
lens, the virtual image is formed at a point p' in a projection
region, and a radial distance r, is determined according to
orthographic projection onto an image plane.

FIG. 3 intuitively shows perspective and fisheye lens
projection models using the same object and projection
region having an image plane. As shown in FIG. 3, the
fisheye lens projection point p' does not comply with per-
spective projection. In particular, the points p and p' are
spatially different.

The spatial warping relationship of FIG. 3 is described
with four projection models: (1) equidistant projection
model, (2) equisolid projection model, (3) orthographic
projection model, and (4) stereoscopic projection model.

Each projection model provides the relationship between
the radial distance r,, from the center to an undistorted point
and the radial distance r, from the center to a distorted point.
Since the radial distance r,, is determined in the projection
region by the angle 8 of an incident ray, projection mapping
functions for determining the radial distance r; may be
defined as functions of 6. In FIG. 3, projection mapping
functions which are the four projection models are defined
as Equation 2 to Equation 5 below.

Equidistant projection: #;~2f0) [Equation 2]
Equisolid projection: 7,=f(sin(6/2)) [Equation 3]
Orthographic projection: #,=f(sin(0)) [Equation 4]
Stereoscopic projection: #;=2f(tan(6/2)) [Equation 5]

In the above equations, f, 0, and r, are the focal length,
incidence angle, and distance between the center point in a
distorted image and a projected point, respectively.

A system and method for correcting an image through
estimation of a distortion parameter according to exemplary
embodiments of the present invention will be described
below on the basis of the projection models.

FIG. 4 is a set of block diagrams showing image-based
restoration algorithms proposed to correct fisheye lens dis-
tortion according to an exemplary embodiment of the pres-
ent invention. FIG. 4A is a block diagram showing an online
correction algorithm based on a received image including
feature points, FIG. 4B is a block diagram showing an online
correction algorithm based on a plurality of images includ-
ing feature points, and FIG. 4C is a block diagram showing
an offline correction algorithm for using pre-calibration on a
general received image which does not include feature
points.

As shown in FIG. 4, the present invention proposes an
image-based distortion parameter estimation method for
selecting an optimally corrected image using features of a
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received distorted image. The method (1) does not require a
pre-designated lens parameter or a specific calibration pat-
tern for prior information in a process of estimating a
distortion parameter and selecting an optimally corrected
image and (2) allows both online correction and offline
correction as shown in FIG. 4, and thus may be applied to
various environments.

This is described in further detail below.

FIG. 5 is a block diagram of a system for correcting an
image through estimation of a distortion parameter accord-
ing to an exemplary embodiment of the present invention.
FIG. 6 is a set of diagrams showing a method of estimating
a distortion parameter using a calibration pattern-based
method according to an exemplary embodiment of the
present invention. FIG. 7 is a block diagram showing
correction in a distorted image acquisition process according
to an exemplary embodiment of the present invention and a
general image restoration framework.

Referring to FIGS. 5 to 7, first, a system for correcting an
image through estimation of a distortion parameter accord-
ing to an exemplary embodiment of the present invention
may include a distorted image receiver 100, a feature point
extractor 200, a feature point classifier 300, a distortion
parameter estimator 400, and an image corrector 500.

The distorted image receiver 100 may receive a distorted
image including one or more measurement targets. This may
be a component for receiving a distorted image including
one or more measurement targets to correct distortion using
objective feature information. The one or more measure-
ment targets in the received distorted image may be people.
Meanwhile, the distorted image receiver 100 may receive a
distorted image through a wide-angle lens, such as a fisheye
lens.

The feature point extractor 200 may extract a plurality of
feature points from each measurement target. This may be a
component for extracting unique feature information from a
measurement target in a distorted image rather than lens
information, pattern information, or learned data. When the
measurement target is a person, the plurality of extracted
feature points may include the center point of an eye
corresponding to the iris of his or her left eye, the center
point of an eye corresponding to the iris of his or her right
eye, the end point of his or her nose, the left end point of his
or her mouth, and the right end point of his or her mouth.
When several people are measurement targets, a plurality of
feature points may be extracted from each person.

In extracting feature points from the measurement target,
it is possible to use multi-task deep cascaded convolutional
neural network.

The feature point classifier 300 may classify the one or
more measurement targets as a distorted target and an
undistorted target by comparing distances between a plural-
ity of extracted feature points and the center point of the
received distorted image with each other. This may be the
criterion for classification into a distorted target and an
undistorted target based on the characteristic of a wide-angle
lens that the degree of distortion increases as the distance
from the center of an image increases.

The characteristic of a wide-angle lens that the degree of
distortion increases as the distance from the center of an
image increases may be described with reference to FIG. 6.

FIG. 6 is a set of diagrams showing a method of estimat-
ing a distortion parameter using a calibration pattern-based
method according to an exemplary embodiment of the
present invention. FIG. 6A is a diagram showing a calibra-
tion pattern, FIG. 6B is a diagram showing a pattern image
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projected through a fisheye lens, and FIG. 6C is a diagram
showing a distortion curve (r/r, versusr,).

As shown in FIG. 6, according to the pattern-based
method, it is possible to show the relationship of r /r,, versus
r,, using a distortion curve. According to the pattern-based
method, it is possible to calculate an accurate distortion rate
only when there is one pair of an undistorted point and a
distorted point. As shown in FIG. 6B, since points of a
distorted image are distributed in a limited region, it is not
possible to estimate the distortion rate of an overall image.

To solve this problem, according to a rational function-
based distortion model, it is possible to define the relation-
ship between a distorted point and an undistorted point by
using a polynomial function as shown in Equation 6 below.

[ Xg — Xc [Equation 6]

Yd = Ye

Xy — X¢
= L(ru)[ }
Yu = Ve

LN =1+kr? +hor* + ...

Fu =N G =2 + G = 30)*

where (X, V,), (X, V), and (X, y,.) represent coordinates
of'an undistorted point, a distorted point, and the center point
of an image, respectively. The undistorted point has coor-
dinate values obtained by dividing the coordinate values of
the distorted point by L(r,) and is given by Equation 7
below.

|:xu_xc:| 1 [xd_xc}
Ye=Ye | L) ya—ye

When distortion parameters {k,, k,, . . . } are estimated,
a distorted point may be calculated from an undistorted point
by using Equation 6.

Since there is little improvement between distortion cor-
rection with a secondary or higher model and distortion
correction with a primary model, it is possible to use the
distortion model L(r,)=1+k,r* given by Equation 6 accord-
ing to the primary model which requires a small amount of
calculation. Modeling of a lens other than a fisheye lens is
not included in this task, and thus accuracy in another
distortion model is not additionally analyzed.

Referring to FIG. 6C, the amount of distortion is the least
at the center of the image and increases exponentially away
from the center. For this reason, in the present invention, it
is possible to provide the criterion for classification into a
distorted target and an undistorted target by comparing the
distances between the center point of a received distorted
image and a plurality of feature points extracted from one or
more measurement targets with each other. Here, the amount
of distortion may represent the degree of distortion.

Meanwhile, the feature point classifier 300 may classify
the one or more measurement targets as a distorted target
and an undistorted target according to undistorted-target
standard formulae given by Equations 8 and 9 below.

[Equation 7]

L; = L+, where i = argmin ||y - (||, [Equation 8]

iell,.. WNp)

where 1, is an undistorted target, L,* represents a mea-
surement target at the shortest distance from the center point
of a distorted image, N represents the number of measure-



US 11,164,292 B2

11

ment targets, |, the average point of a plurality of feature
points extracted from a measurement target, and C=(x_, y,.)
is the center point of the received distorted image.
L~{p1 pre’ P P1ad Prad}, and
WY OLE D REHPN D 1ad +D R0l )s [Equation 9]
where L, represent feature points of a measurement target,
{; represents the average point of a plurality of feature
points, p, ' represents the center point of a left eye corre-
sponding to the iris thereof, pr;" represents the center point
of aright eye corresponding to the iris thereof, p, represents
the end point of a nose, p;,, represents the left end point of

a mouth, and pg,, represents the right end point of the

mouth.
When N is the number of measurement targets,
L, (i=1, ..., Nz) may be a set of a plurality of feature points

extracted from a measurement target.

More specifically, according to the undistorted-target
standard formulae given by Equations 8 and 9, a measure-
ment target closest to the center point of a received distorted
image among several measurement targets in the received
distorted image may be determined to be an undistorted
target, and all other measurement targets may be determined
to be distorted targets.

Here, L, may include p, ..’ the center point of a left eye
corresponding to the iris thereof, pr. the center point of a
right eye corresponding to the iris thereof, p,/ the end point
of anose, p;,, the left end point of a mouth, pz,,/ an the right
end point of the mouth.

1, may be the average point of the plurality of feature
points.

Meanwhile, in equations of the present invention, all
specific points (an undistorted point, a distorted point, a
center point, etc.) may be coordinate points.

The distortion parameter estimator 400 may estimate a
distortion parameter on the basis of standard deviations of a
plurality of feature points of a classified distorted target and
undistorted target. This may be a component for estimating
a distortion parameter using a standard deviation which is an
important factor for determining the amount of distortion.

Meanwhile, the distortion parameter estimator 400 may
estimate a distortion parameter according to a distortion
parameter formula given by Equation 10 below.

. 1 ; [Equation 10]
KD = mz [ - 2|l
i

where kY represents a i estimated distortion parameter,
N is the number of measurement targets, o,%’ represents the
standard deviation of feature points of a distorted target, and
0,#0 represents the standard deviation of feature points of
an undistorted target.

As shown in FIG. 6B, as the distance from the center of
an image increases, feature points of a measurement target
get closer to each other. Accordingly, the standard deviations
of a distorted target and an undistorted target are reduced as
the distance from the center of the image increases. For this
reason, the standard deviations of a distorted target and an
undistorted target may be an important factor for determin-
ing the amount of distortion.

The image corrector 500 may correct the received dis-
torted image on the basis of an estimated distortion param-
eter. This may be a component for accurately detecting the
degree of correction on the basis of a distortion parameter,
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which has been estimated in consideration of the amount of
distortion and the like, and optimally correcting a distorted
image.

However, since lens distortion is spatially variable, image
information is lost when distortion occurs. Therefore, a
process may be additionally required to output a plurality of
images through repeated image correction and select an
optimally corrected image.

Meanwhile, the system for correcting an image through
estimation of a distortion parameter according to an exem-
plary embodiment of the present invention may further
include an iterative corrector 600 and a final corrected-
image selector 700.

The iterative corrector 600 may output one or more
repeatedly-corrected images by repeatedly estimating a dis-
tortion parameter and repeatedly correcting a corrected
image until the corrected image satisfies a preset condition.
This may be a component for outputting multiple candidate
images by repeatedly estimating a distortion parameter and
repeatedly using a distortion correction model on the basis
of the distortion parameter in order to select an optimally
corrected image.

Meanwhile, the iterative corrector 600 may repeatedly
correct a corrected image according to iterative correction
formulae given by Equations 11 and 12 below.

A tion 11
= Wf(uj), for j=0,1,2,..., Ny, [Equation L1]
+ kWl

AG+D) 1
P

where T 9" represents a j+1? corrected image, k¥ rep-
resents a j” estimated distortion parameter, r’ represents the
distance between an arbitrary coordinate point of a j*
corrected image and the center point of a received image,
£,9 represents the j” corrected image, and N, is the number
of iterations.

N6 P53,

where r represents the distance between an arbitrary
coordinate point of a j** corrected image and the center point
of a received image, x,’ and y, represent horizontal and
vertical coordinates of the j* corrected image, and x_ and y..
represent coordinates of the center point of a distorted
image.

The final corrected-image selector 700 may detect
straight-line information including the number and length of
straight lines in one or more output images and select a final
corrected-image on the basis of the detected straight-line
information. This may be a component for selecting an
optimally corrected image by applying an optical character-
istic to geometric distortion.

More specifically, the correction algorithm of the present
invention may be used in a general image restoration frame-
work. In other words, a distorted image is considered a
degraded version of an ideal undistorted scene, and a cor-
rected image is obtained by estimating the ideal scene
through an image restoration process, which is a distortion
correction operation of this task. The image restoration
framework is shown in FIG. 7.

In FIG. 7, 1, is an ideal undistorted scene, 1, is a distorted
image acquired through a fisheye lens, and f, is an image
estimated by correcting the distorted image.

Ideally, a corrected image satisfies calculation of an ideal
image given by Equation 13 below.

[Equation 12]

Hﬂ—f =0 [Equation 13]
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In Equation 13, f, is an ideal undistorted scene, and f, is
an image estimated by correcting the distorted image.

However, lens distortion is spatial warping, and thus it is
not possible to accurately model lens distortion through a
single image performance degradation task. Therefore,
Equation 13 is not satisfied in practice. Accordingly, an
optimally corrected image is selected from among one or
more repeatedly-corrected images which are output through
several iterative calculations of Equation 11 instead of the
cost function of Equation 13 for comparing images with
each other. In the selection process, an optical characteristic
which is robust against geometric distortion is used.

More specifically, in the process of projecting a 3D space
into a 2D image, a straight line is refracted into a curve due
to radial distortion of a lens. Accordingly, a correction
process involves making the curve as straight as possible,
and thus a final corrected-image may be selected on the basis
of straight-line information.

However, when an optimally corrected image is selected
with only the straight-line information, a line directed
toward a distortion center is excessively corrected. There-
fore, the final corrected-image selector 700 may select a final
corrected-image satisfying the cost function of Equation 14,
which includes a total length D, of all straight lines in a i
repeatedly-corrected image and a number IS of straight
lines extracted from the j” repeatedly-corrected image.
Meanwhile, Equation 14 below may be a preset condition of
the iterative corrector 600.

PO

S ; uation 14
fo=10 2 iot) S

|
where j* = min| —
/ J (Dj

where T is a final distortion-corrected image, f Y
represents a j*” final distortion-corrected image, D, repre-
sents the total length of all straight lines in a j* repeatedly-
corrected image, S, represents the set of straight lines
extracted from the j* repeatedly-corrected image, o,? rep-
resents the standard deviation of feature points of the j*
repeatedly-corrected image, and |*| the number of elements
of the set.

Since the final corrected-image is selected by using fea-
ture points and straight-line information in combination
according to Equation 14, it is possible to prevent a straight
line from being excessively corrected when the straight line
is directed toward a distortion center in the image.

FIG. 8 is a flowchart illustrating a method of correcting an
image through estimation of a distortion parameter accord-
ing to an exemplary embodiment of the present invention.

Referring to FIG. 8, a method of correcting an image
through estimation of a distortion parameter according to an
exemplary embodiment of the present invention may include
a distorted image receiving operation S100, a feature point
extraction operation S200, a feature point classification
operation S300, a 3distortion parameter estimation operation
S400, and an image correction operation S500.

In the distorted image receiving operation S100, the
distorted image receiver 100 may receive a distorted image
including one or more measurement targets. This may be an
operation for receiving a distorted image including one or
more measurement targets to correct distortion using objec-
tive feature information. The one or more measurement
targets in the received distorted image may be people.
Meanwhile, in the distorted image receiving operation S100,
a distorted image may be received through a wide-angle
lens, such as a fisheye lens.
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In the feature point extraction operation S200, the feature
point extractor 200 may extract a plurality of feature points
from each measurement target. This may be an operation for
extracting unique feature information from a measurement
target in a distorted image rather than lens information,
pattern information, or learned data. When the measurement
target is a person, the plurality of extracted feature points
may include the center point of an eye corresponding to the
iris of his or her left eye, the center point of an eye
corresponding to the iris of his or her right eye, the end point
ot his or her nose, the left end point of his or her mouth, and
the right end point of his or her mouth. When several people
are measurement targets, a plurality of feature points may be
extracted from each person.

In extracting feature points from the measurement target,
it is possible to use multi-task deep cascaded convolutional
neural network.

In the feature point classification operation S300, the
feature point classifier 300 may classify the one or more
measurement targets as a distorted target and an undistorted
target by comparing distance values between a plurality of
extracted feature points and the center point of the received
distorted image with each other. This may be the criterion for
classification into a distorted target and an undistorted target
based on the characteristic of a wide-angle lens that the
degree of distortion increases as the distance from the center
of an image increases.

Meanwhile, in the feature point classification operation
S300, the one or more measurement targets may be classi-
fied as a distorted target and an undistorted target according
to undistorted-target standard formulae given by Equations
8 and 9 below.

L; = L+, where i = argmin ||y - (||, [Equation 8]
N

iell,.. WNp)

where 1, is an undistorted target, L,* represents a mea-
surement target at the shortest distance from the center point
of a distorted image, N represents the number of measure-
ment targets, |1, represents the average point of a plurality of
feature points extracted from a measurement target, and
C=(x,,y.) is the center point of the received distorted image.

Li=~{p1 pre’ P Prad Prad}, and

WY PLE D REHPN D 1ad +D R0l )s [Equation 9]

where L, represent feature points of a measurement target,

L, represents the average point of a plurality of feature

points, p; - represents the center point of a left eye corre-

sponding to the iris thereof, py;’ represents the center point

of a right eye corresponding to the iris thereof, p,’ represents

the end point of a nose, p;,, a represents the left end point

of a mouth, and py,,/ represents the right end point of the
mouth.

When N, is the number of measurement targets,
L, (i=1, ..., Ny) may be a set of a plurality of feature points
extracted from a measurement target.

More specifically, according to the undistorted-target
standard formulae given by Equations 8 and 9, a measure-
ment target closest to the center point of a received distorted
image among several measurement targets in the received
distorted image may be determined to be an undistorted
target, and all other measurement targets may be determined
to be distorted targets.

Here, L, may include p, ;' the center point of a left eye
corresponding to the iris thereof, pr the center point of a
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right eye corresponding to the iris thereof, p  the end point
of a nose, p;,, the left end point of a mouth, and pg,/ the
right end point of the mouth.

1, may be the average point of the plurality of feature
points.

Meanwhile, in equations described in the present inven-
tion, all specific points (an undistorted point, a distorted
point, a center point, etc.) may be coordinate points.

In the distortion parameter estimation operation S400, the
distortion parameter estimator 400 may estimate a distortion
parameter on the basis of standard deviations of a plurality
of feature points of a classified distorted target and undis-
torted target. This may be an operation for estimating a
distortion parameter using a standard deviation which is an
important factor for determining the amount of distortion.

Meanwhile, in the distortion parameter estimation opera-
tion S400, a distortion parameter may be estimated accord-
ing to a distortion parameter formula given by Equation 10
below.

[Equation 10]

1) = (_p”’

12 ”U_(J)

i+

where kY represents a i estimated distortion parameter,
N is the number of measurement targets, o,%’ represents the
standard deviation of feature points of a distorted target, and
0,#0 represents the standard deviation of feature points of
an undistorted target.

In the image correction operation S500, the image cor-
rector 500 may correct the received distorted image on the
basis of the estimated distortion parameter. This may be an
operation for accurately detecting the degree of correction
on the basis of a distortion parameter, which has been
estimated in consideration of the amount of distortion and
the like, and optimally correcting a distorted image.

However, since lens distortion is spatially variable, image
information is lost when distortion occurs. Therefore, a
process may be additionally required to output a plurality of
images through repeated image correction and select an
optimally corrected image.

Meanwhile, the method of correcting an image through
estimation of a distortion parameter according to an exem-
plary embodiment of the present invention may further
include an iterative correction operation S600 and a final
corrected-image selection operation S700.

In the iterative correction operation S600, the iterative
corrector 600 may output one or more repeatedly-corrected
images by repeatedly estimating a distortion parameter and
repeatedly correcting a corrected image until the corrected
image satisfies a preset condition. This may be an operation
for outputting multiple candidate images by repeatedly
estimating a distortion parameter and repeatedly using a
distortion correction model on the basis of the distortion
parameter in order to select an optimally corrected image.

Meanwhile, in the iterative correction operation S600, a
corrected image may be repeatedly corrected according to
iterative correction formulae given by Equations 11 and 12
below.

f(ﬁl) 1 A0 [Equation 11]

T e for =0 L2,

, Np,

20

25

40

45

65

16
where f U+ represents a j+1? corrected image, k¥ rep-
resents a j” " estimated distortion parameter, ¥ represents the
distance between an arbitrary coordinate point of a j*
corrected image and the center point of a received image,
fu(’) represents the j corrected image, and N, is the number
of iterations.

1V 5 P P57 [Equation 12]

where r' represents the distance between an arbitrary
coordinate point of a j* corrected image and the center point
of a received image, x,%’ and y° represent horizontal and
vertical coordinates of the j* corrected image, and x_ and y..
represent coordinates of the center point of a distorted
image.

In the final corrected-image selection operation S700, the
final corrected-image selector 700 may detect straight-line
information including the number and length of straight
lines in one or more output images and select a final
corrected-image on the basis of the detected straight-line
information. This may be an operation for selecting an
optimally corrected image by applying an optical character-
istic to geometric distortion.

More specifically, in the process of projecting a 3D space
into a 2D image, a straight line is refracted into a curve due
to radial distortion of a lens. Accordingly, a correction
process involves making the curve as straight as possible,
and thus a final corrected-image may be selected on the basis
of straight-line information.

However, when an optimally corrected image is selected
with only the straight-line information, a line directed
toward a distortion center is excessively corrected. There-
fore, in the final corrected-image selection operation S700,
a final corrected-image satisfying the cost function of Equa-
tion 14 which includes a total length D; of all straight lines
in a j” repeatedly-corrected 1mage and a number S| of
stralght lines extracted from the j* repeatedly- corrected
image, may be selected. Meanwhile, Equation 14 below may
be a preset condition of the iterative correction operation
S600.

[Equation 14]

PN

( (1S )
o=t where j* :mm(ﬂ +U_2J)]’
i \D;

where T, is a final distortion-corrected image, T,
represents a J*’h final distortion-corrected i 1mage D, repre-
sents the total length of all straight lines in a j* repeatedly-
corrected image, S represents the set of straight lines
extracted from the i repeatedly-corrected image, o, ¥ rep-
resents the standard deviation of feature points of the j”
repeatedly-corrected image, and |*| the number of elements
of the set.

Since the final corrected-image is selected by using fea-
ture points and straight-line information in combination
according to Equation 14, it is possible to prevent a straight
line from being excessively corrected when the straight line
is directed toward a distortion center in the image.

FIG. 9 shows a geometrically distorted image and images
corrected by using two different correction methods accord-
ing to an exemplary embodiment of the present invention.
FIGS. 9A, 9B, and 9C show a received distorted image, an
image corrected according to the pattern-based method,
which is an existing correction method, and an image
corrected according to the proposed correction method of
the present invention, respectively.



US 11,164,292 B2

17

FIG. 10 shows a calibration pattern image and a distorted
pattern image acquired at different distances with a 360-
degree field-of-view (FOV) camera according to an exem-
plary embodiment of the present invention, and FIG. 11 is a
set of diagrams showing distances in an ideal pattern image
and distances in a corrected pattern image with slight
distortion according to an exemplary embodiment of the
present invention. FIG. 11A shows an ideal pattern image,
and FIG. 11B shows a distortion-corrected pattern image.

Referring to FIG. 9A first, a received distorted image is
acquired with a camera having a 360-degree FOV, and the
distorted image is corrected by estimating a distortion
parameter from the acquired image. Referring to FIG. 9B,
according to the pattern-based method which is an existing
correction method, calibration results are inaccurately cal-
culated because the number of calibration pattern points is
insufficient to estimate a distortion rate. On the other hand,
as shown in FIG. 9C, image distortion may be accurately
removed by the proposed correction method of the present
invention. Meanwhile, in FIGS. 9B and 9C, regions includ-
ing vertically arranged points are enlarged for comparison.

Referring to FIG. 10, correction points are present only
around the image center, and there is no characteristic for
calibration in the surrounding region. Therefore, perfor-
mance of the calibration pattern-based correction method is
limited.

For more objective evaluation, the correction method of
the present invention proposes a distance ratio as a new
measurement standard for evaluating the performance of
correcting geometric distortion. More specifically, according
to the proposed correction method of the present invention,
distance ratios are defined in three directions including a
horizontal direction, a vertical direction, and a diagonal
direction as shown in Equation 15 below.

Z p [Equation 15]

2

,and yp =

In Equation 15, ry; and t are the distance between two
points which are horizontally adjacent in an undistorted
image and a corrected image, respectively. \}, 1), and 1},
are distance ratios in the horizontal direction, the vertical
direction, and the diagonal direction, respectively.

The corresponding relationship between vertical and
diagonal lines is defined as shown in FIG. 11. The proposed
distance ratios may be defined on the basis of the fact that
the distance between points of a distorted pattern is smaller
than the distance between points of an ideal calibration
pattern. When correction results are identical to an ideal
pattern, a distance ratio is close to 1.

In this regard, in Table 1, performance is compared in
terms of distance ratio between the calibration pattern-based
method, which is an existing correction method, and the
proposed method of the present invention.

TABLE 1
The calibration pattern-based method  The proposed method
yH 1.885 1.372
LY 1.720 1.442
D 2.963 2.004

Table 1 shows estimated distance ratios of FIGS. 9B and
9C. Referring to Table 1, it is possible to see that all of the
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three ratios of the proposed method of the present invention
are closer to 1 than those of the calibration pattern-based
method which is an existing correction method.

According to the proposed method of the present inven-
tion, a distortion parameter is estimated by using feature
points FLPs of a distorted image, and then distortion is
corrected by using the estimated distortion parameter.

FIG. 12 is a set of images showing distortion correction
results obtained by using an existing correction method
(division model) and the proposed correction method of the
present invention. FIG. 12A is a received distorted image,
and FIGS. 12B to 12D are images showing results obtained
by using an existing correction method (division model)
with a distortion parameter k of 0.2, 0.26, and 0.3, respec-
tively. FIGS. 12E to 12G are images showing results
obtained by using the proposed correction method of the
present invention in various iterative operations, and FIG.
12H is an optimally corrected image selected from among
repeatedly corrected images output through various iterative
operations according to the correction method of the present
invention.

Referring to FIG. 12, it is possible to see that the proposed
method of the present invention has superior performance to
the existing correction method (division model) due to
minimization of over-correction and an overall improvement
in subjective image quality.

More specifically, the first row of FIG. 12 (FIGS. 12A to
12D) shows a received distorted image and three different
correction result images obtained by using randomly
selected distortion parameters k of 0.2, 0.26, and 0.3. The
second row of FIG. 12 (FIGS. 12E to 12H) shows correction
result images of the present invention including an optimally
corrected image.

Referring to FIG. 12A, lines are bent outward in radial
directions as indicated by arrows due to wide-angle lens
distortion. However, after correction, lines are bent inward
in radial directions as shown in FIG. 12D. In this regard,
according to the existing method, it is not easy to select an
optimally corrected result image from among FIGS. 12E to
12H.

On the other hand, according to the proposed method of
the present invention, it is possible to automatically correct
distortion by using an appropriately estimated distortion
parameter. Also, an optimally corrected solution is selected
by using feature points FL.Ps and straight-line analysis, and
it is possible to overcome limitations, such as over-correc-
tion, imposed by correction.

FIG. 13 shows the number of straight lines of simulated
wide-angle lens images and corrected resultant images
according to an exemplary embodiment of the present
invention. FIG. 13 A shows an ideal image, FIG. 13B shows
a distorted image, FIG. 13C shows an appropriately cor-
rected image, FIG. 13D shows an over-corrected image, and
FIG. 13E shows the number of straight lines of FIGS. 13A
to 13D.

FIG. 14 shows a final distortion-corrected image *,, and
a number of straight lines IS | based on Equation 14 accord-
ing to an exemplary embodiment of the present invention.
FIG. 14 A shows a received distorted image, FIG. 14B shows
a final corrected-image, FIG. 14C shows the number of
iterations versus the number IS /| of straight lines, and FIG.
14D shows the number of iterations versus a result value

IS0
Bil o9

i
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of the cost function calculated in a distortion-corrected
image.

In the proposed method of the present invention, the
characteristic of a wide-angle lens that a straight line is
refracted into a curve is used to select an optimally corrected
image.

First, as shown in FIG. 13A, a brick image is selected to
count straight lines. When a straight line is bent, a resultant
curve is divided into several short straight lines. For this
reason, as an image is distorted more, a larger number of
straight lines are generated. On the other hand, in an
appropriately corrected image, a smaller number of straight
lines are generated than in a distorted image and an over-
corrected image as shown in FIG. 13E.

In comparing FIGS. 14C and 14D, the number of
extracted straight lines IS, and the result value

IS0
Bl o

i

of the cost function calculated in the distortion-corrected
image are minimized at the 18 iteration. In other words,
straight-line information in a distorted image may be a major
factor for selecting an optimally corrected image.

Since straight-line information is a major factor for select-
ing an optimally corrected image, it is also important to
select an appropriate method for detecting straight lines. In
this regard, the Flores method is a recent straight-line
detection algorithm for correcting geometric distortion, but
distortion effects which degrade the accuracy in detecting
straight lines are not taken into consideration. This is
described in detail below.

FIG. 15 is a set of views showing straight-line detection
results and distortion correction results based on the Flores
method and the correction method of the present invention.
FIG. 15A shows a received distorted image, FIG. 15B shows
an image in which straight lines are detected by using the
Flores method, FIG. 15C shows an image in which straight
lines are detected by using the correction method of the
present invention, FIG. 15D is an image corrected by using
the Flores method, and FIG. 15E is an image corrected by
using the correction method of the present invention.

Referring to FIGS. 15B and 15C, the correction method of
the present invention shows higher straight-line detection
accuracy than the Flores method. Moreover, referring to
FIG. 15E, it is possible to see that curves (bent lines) in the
distorted image become straight lines through the correction
method of the present invention. On the other hand, referring
to FIG. 15D, curves do not become completely straight lines
through the Flores method.

FIG. 16 is a set of views showing comparative experiment
results according to an exemplary embodiment of the pres-
ent invention. FIG. 16A shows received distorted images,
FIG. 16B shows correction result images obtained by using
Cho’s correction method, and FIG. 16C shows correction
result images obtained by using the proposed correction
method of the present invention.

Referring to FIG. 16, it is possible to evaluate the accu-
racy in distortion correction by comparing the proposed
correction method of the present invention with Cho’s
correction method. While Cho’s correction method involves
correcting lens distortion by using feature points FLPs, two
characteristics, such as feature points FLPs and straight
lines, are used in the proposed correction method of the
present invention. This proposes a new numerical distortion
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measuring method to subjectively and objectively verify the
two results. The foundation of numerical measuring is that
a straight line in a 3D real world is a straight line in an
undistorted image based on an optical projection theory.

As shown in FIG. 16, the proposed correction method of
the present invention may completely remove distortion
effects. On the other hand, in the results of Cho’s method,
distortion still remains at the junction between the ceiling
and the wall as indicated by arrows.

Cho’s method involves correcting distortion until a dif-
ference value between an estimated distortion parameter and
apreviously estimated distortion parameter becomes smaller
than a pre-defined threshold value. Since the threshold value
varies according to image size, the accuracy in distortion
correction is low.

FIG. 17 shows a pair of an undistorted image and a
distorted image as straight-line analysis images according to
an exemplary embodiment of the present invention. FIG.
17A shows ideal (undistorted) straight lines, and FIG. 17B
shows lines in a distorted image.

More specifically, referring to FIG. 17, straight lines in the
undistorted image are transformed into curves in the dis-
torted image. Each line is characterized by two lines, which
have a relationship represented by a distortion ratio R ,. The
distortion rate R, may be given by Equation 16 below.

[Equation 16]

where H is the distance between the right end and left
walls in the ideal undistorted image, L is the maximum
distance between the walls in the distorted image, and vy is
the minimum distance between the walls in the distorted
image. In an undistorted image, 2H equals L+y. Accordingly,
the distortion rate becomes 0.

Table 2 compares the distortion ratio of correction results
obtained by using Cho’s method and the proposed off-line
method of the present invention (FIG. 14) as shown in FIG.
16.

TABLE 2

Cho’s method (%) The proposed method (%)

7.485
5.873

6.492
1.157

Left column
Right column

Referring to Table 2, the distortion rate of the proposed
method of the present invention is lower than that of Cho’s
method (see results on left column of FIG. 16 in Table 2).
Since the tilt angle of a camera in the second test image
differs from the tilt angle in the first test image, the second
test image shows a lower distortion rate than the first image
(see results on right column of FIG. 16 in Table 2).

The above-described system and method for correcting an
image through estimation of a distortion parameter have the
following effects:

First, it is possible to select an optimal distortion-cor-
rected image using straight-line information of corrected
images.

Second, it is possible to objectively correct distortion on
the basis of feature information extracted from a distorted
image and optical characteristics without using lens infor-
mation, pattern information, or learned data.
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Third, it is possible to optimally correct distortion through
iterative estimation of a distortion parameter and an iterative
distortion correction model.

Forth, it is possible to maintain constant performance by
correcting distortion through a distortion parameter esti-
mated on the basis of unique feature information of a
measurement target.

Fifth, since the system and method can be applied to a
system to which it is not possible to apply existing distortion
correction methods, the system and method can be applied
to various fields.

Sixth, it is possible to apply the system and method to
extended application fields, such as a wide-area surveillance
system and a high-end driver supporting system including a
360-degree augmented reality (AR) or virtual reality (VR)
camera, as a wide image system.

Meanwhile, the term “image” used in this specification,
claims, etc. is for the purpose of describing the concepts of
terms and drawings.

Although the present invention has been described above
with reference to embodiments for exemplifying the tech-
nical spirit of the present invention, those of ordinary skill
in the art should appreciate that the present invention is not
limited to the configurations and effects illustrated and
described above and the present invention can be variously
modified or altered without departing from the technical
spirit of the present invention. Accordingly, all such changes
and modifications should be construed as being within the
scope of the present invention.

What is claimed is:
1. A system for correcting an image through estimation of
a distortion parameter, the system comprising:

at least one processor configured to:

receive a distorted image including one or more measure-
ment targets;

extract a plurality of feature points from each of the
measurement targets;

compare distances between the plurality of extracted
feature points and a center point of the received dis-
torted image with each other and classify the one or
more measurement targets as a distorted target and an
undistorted target;

estimate a distortion parameter on a basis of standard
deviations of a plurality of feature points of the clas-
sified distorted target and undistorted target;

correct the received distorted image on a basis of the
estimated distortion parameter;

output one or more repeatedly-corrected images by
repeatedly estimating the distortion parameter and
repeatedly correcting the corrected image until the
corrected image satisfies a preset condition; and

detect straight-line information including a number and
length of straight lines in the one or more output
repeatedly-corrected images and select a final corrected
image on a basis of the straight-line information,

wherein the at least one processor selects the final cor-
rected image according to a cost function given by an
equation below such that a straight line directed toward
a distortion center in the final corrected image is
prevented from being excessively corrected:

PO . . (1841 i
Fu=1l", where =m.1n(—J+U(L”,
i \D;
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where T, is a final distortion-corrected image, T,
represents a j” final distortion-corrected image, D,
represents a total length of all straight lines in a j”
repeatedly-corrected image, S, represents a set of
straight lines extracted from the j* repeatedly-corrected
image, o, represents a standard deviation of feature
points of the j* repeatedly-corrected image, and I*| a
number of elements of the set.

2. The system of claim 1, wherein the at least one
processor calculates the distortion parameter to be estimated
according to a distortion parameter formula given by an
equation below:

KD = mz o = 2]l
i

where k¥ represents a i estimated distortion parameter,

N, is a number of measurement targets, o,%’ represents

a standard deviation of feature points of a distorted

target, and o,." represents a standard deviation of
feature points of an undistorted target.

3. The system of claim 1, wherein the at least one

processor repeatedly corrects the corrected image according

to iterative correction formulae given by equations below:

A .
_mf" Jfor j=0,1,2,... , Ny,

AG+D) 1
P

where T,9*" represents a j+1? corrected image, k) rep-
resents a j” estimated distortion parameter, r' repre-
sents a distance between an arbitrary coordinate point
of a j* corrected image and a center point of a received
image, fu(’) represents the j* corrected image, and N, is
the number of iterations,

N D=+ =32,

where r") represents a distance between an arbitrary
coordinate point of a j corrected image and a center
point of a received image, x, and y,” represent
horizontal and vertical coordinates of the i corrected
image, and x_ and y, represent coordinates of a center
point of a distorted image.

4. The system of claim 1, wherein the one or more
measurement targets are people, and

the plurality of feature points include a center point of an

eye corresponding to an iris of a corresponding per-
son’s left eye, a center point of an eye corresponding to
an iris of the corresponding person’s right eye, an end
point of the corresponding person’s nose, a left end
point of the corresponding person’s mouth, and a right
end point of the corresponding person’s mouth.

5. The system of claim 4, wherein the the at least one
processor classifies the one or more measurement targets as
a distorted target and an undistorted target according to
undistorted-target standard formulae given by equations
below:

L; =Ly, where i* = argmin ||lg; — Cl,

iell,.. WNp)

where 1, is an undistorted target, L,* represents a mea-
surement target at a shortest distance from a center
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point of a distorted image, N represents a number of
measurement targets, |1, represents an average point of
a plurality of feature points extracted from a measure-
ment target, and C=(x_, y.) is a center point of the
received distorted image,

L= {pLEiprEixpNixpLMiprMi} , and

WYL £ P RE DN P 1Af P R0A)>

where L, represent feature points of a measurement target,
L, represents an average point of a plurality of feature
points, p,, represents a center point of a lefi eye
corresponding to an iris of the left eye, p,,’ represents
a center point of a right eye corresponding to an iris of
the right eye, p,’ represents an end point of a nose, p,,,/
represents a left end point of a mouth, and pg,,/
represents a right end point of the mouth.

6. A method of correcting an image through estimation of

a distortion parameter, the method comprising:

a distorted image receiving operation of receiving, by at
least one processor, a distorted image including one or
more measurement targets;

a feature point extraction operation of extracting, by the
at least one processor, a plurality of feature points from
each of the measurement targets;

a feature point classification operation of comparing, by
the at least one processor, distances between the plu-
rality of extracted feature points and a center point of
the received distorted image with each other and clas-
sifying the one or more measurement targets as a
distorted target and an undistorted target;

a distortion parameter estimation operation of estimating,
by the at least one processor, a distortion parameter on
a basis of standard deviations of a plurality of feature
points of the classified distorted target and undistorted
target;

an image correction operation of correcting, by the at least
one processor, the received distorted image on a basis
of the estimated distortion parameter;

an iterative correction operation of repeatedly estimating,
by the at least one processor, the distortion parameter
and repeatedly correcting the corrected image until the
corrected image satisfies a preset condition and output-
ting one or more repeatedly-corrected images; and

a final corrected-image selection operation of detecting,
by the at least one processor, straight-line information
including a number and length of straight lines in the
one or more output repeatedly-corrected images and
selecting a final corrected image on a basis of the
straight-line information,

wherein the selecting the final corrected image is per-
formed according to a cost function given by an equa-
tion below such that a straight line directed toward a
distortion center in the final corrected image is pre-
vented from being excessively corrected:

PO . . (1841 i
Fu=1l", where =m_1n(D—J +af|,
i \Dj

where %, is a final distortion-corrected image, 1,9
represents a j*” final distortion-corrected image, D,
represents a total length of all straight lines in a j”
repeatedly-corrected image, S, represents a set of
straight lines extracted from the j* repeatedly-corrected
image, o, represents a standard deviation of feature
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points of the j* repeatedly-corrected image, and I*l a
number of elements of the set.

7. The method of claim 6, wherein the distortion param-
eter estimation operation comprises calculating the distor-
tion parameter to be estimated according to a distortion
parameter formula given by an equation below:

K9 = mz ”U_EJ) —U’Ei)”,

i

where k¥ represents a j estimated distortion parameter,
N, is a number of measurement targets, o,%’ represents
a standard deviation of feature points of a distorted
target, and o,;*" represents a standard deviation of
feature points of an undistorted target.

8. The method of claim 6, wherein the iterative correction
operation comprises repeatedly correcting the corrected
image according to iterative correction formulae given by
equations below:

AU+D 1 20 .
S :mfu Jfor j=0,1,2,... ,N;

where T 9" represents a j+1? corrected image, k¥ rep-
resents a j* estimated distortion parameter, r' repre-
sents a distance between an arbitrary coordinate point
of a j* corrected image and a center point of a received
image, fu(’) represents the j* corrected image, and N, is
the number of iterations,

NV D=3, P-3)?

where r") represents a distance between an arbitrary
coordinate point of a j corrected image and a center
point of a received image, x, and y,” represent
horizontal and vertical coordinates of the j* corrected
image, and x_ and y, represent coordinates of a center
point of a distorted image.

9. The method of claim 6, wherein the one or more
measurement targets are people, and

the plurality of feature points include a center point of an

eyes corresponding to an iris of a corresponding per-
son’s left eye, a center point of an eye corresponding to
an iris of the corresponding person’s right eye, an end
point of the corresponding person’s nose, a left end
point of the corresponding person’s mouth, and a right
end point of the corresponding person’s mouth.

10. The method of claim 9, wherein the feature point
classification operation comprises classifying the one or
more measurement targets as a distorted target and an
undistorted target according to undistorted-target standard
formulae given by equations below:

L; = L+, where i = argmin ||y - (||,
iell,.. Np}

where 1, is an undistorted target, L,* represents a mea-
surement target at a shortest distance from a center
point of a distorted image, N represents a number of
measurement targets, I, represents an average point of
a plurality of feature points extracted from a measure-
ment target, and C=(x_, y.) is a center point of the
received distorted image,
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L= {pLEiprEixpNixpLMiprMi} , and

WYL £ P RE DN P 1Af P R0A)>

where L, represent feature points of a measurement target,
L, represents an average point of a plurality of feature 5
points, p,, represents a center point of a lefi eye
corresponding to an iris of the left eye, p,,’ represents
a center point of a right eye corresponding to an iris of
the right eye, p,’ represents an end point of a nose, p;,,/
represents a left end point of a mouth, and pg,/ 10
represents a right end point of the mouth.
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